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In  this  paper,  the  results  obtained  in  the  catalytic  decomposition  of  methane  in  a  fixed  bed  reactor  using  a 
NiCuAl  catalyst  prepared  by  the  fusion  method  are  presented.  The  influences  of  reaction  temperature  and 
space  velocity  on  hydrogen  concentration  in  the  outlet  gases,  as  well  as  on  the  properties  of  the  carbon 
produced,  have  been  investigated.  Reaction  temperature  and  the  space  velocity  both  increase  the  reaction 
rate  of  methane  decomposition,  but  also  cause  an  increase  in  the  rate  of  catalyst  deactivation.  Under  the 
operating  conditions  used,  the  carbon  product  is  mainly  deposited  as  nanofibers  with  textural  properties 
highly  correlated  with  the  degree  of  crystallinity. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  production  by  means  of  catalytic  decomposi¬ 
tion  of  methane  (CDM)  into  hydrogen  and  deposited  carbon 
(CH4(g)^  C(s)  +  2H2(g))  is  an  interesting  alternative  to  conven¬ 
tional  hydrogen  production  processes,  such  as  steam  reforming  (SR) 
and  partial  oxidation  (PO),  which  result  in  high  C02  emissions  [1-4]. 

The  carbon  properties  resulting  from  CDM  are  largely  dependent 
on  the  operating  conditions  and  the  type  of  catalyst  used.  Methane 
decomposition  using  Ni  and  Ni-Cu  catalysts  to  produce  hydrogen 
and  novel  carbonaceous  materials  has  been  widely  reported  [5-23]. 
Activity  tests  using  other  transitions  metals,  such  as  Fe  [24-26]  and 
Co  [27,28],  have  also  shown  good  catalytic  performance  in  CDM. 

From  these  studies,  a  widely  accepted  general  mechanism  of  cat¬ 
alyst  behaviour  and  carbon  nanofiber  formation  has  been  proposed 
[29,30].  The  main  steps  involved  in  the  CDM  process  are  (i)  methane 
chemisorption  on  the  leading  face  of  a  catalyst  particle,  (ii)  dissoci¬ 
ation  of  a  chemisorbed  CH4  molecule  through  progressive  breaking 
of  the  four  C-H  bonds,  (iii)  aggregation  of  adsorbed  atomic  hydro¬ 
gen  into  molecules,  followed  by  gas  phase  emission,  (iv)  atomic 
carbon  aggregation  into  encapsulated  carbon,  leading  to  progres¬ 
sive  catalyst  deactivation,  or  atomic  carbon  diffusion  through  the 
bulk  catalyst  from  the  leading  face  to  the  trailing  face,  driven  by  the 
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existing  pronounced  concentration  gradient,  and  (v)  carbon  nucle- 
ation  followed  by  the  formation  and  growth  of  carbon  nanofibers 
in  the  trailing  face  of  the  catalyst  particle. 

In  previous  works  by  our  research  group  with  nickel-based  cat¬ 
alysts,  different  parameters  related  to  catalyst  preparation  have 
been  studied.  These  include  the  effects  of  catalyst  composition,  the 
presence  of  Cu  as  a  Ni  dopant  additive,  methods  of  catalyst  prepa¬ 
ration  [31  ],  the  effects  of  calcination  temperatures  [32]  and  the  use 
of  different  textural  promoters  [33-35].  From  these  studies  it  was 
concluded  that  the  nickel  catalyst  prepared  by  the  fusion  method 
using  A1203  as  textural  promoter  and  Cu  as  additive,  denoted  as 
NiCuAl  with  an  atomic  ratio  of  78:6:16,  displayed  the  best  per¬ 
formance  based  on  hydrogen  production,  the  amount  of  carbon 
deposition  as  long  nanofibers  and  long  catalyst  life  without  deac¬ 
tivation.  Furthermore,  this  simple  preparation  method,  based  on 
a  mixture  of  the  respective  nitrates,  allowed  for  preparation  of 
catalysts  showing  similar  results  to  those  obtained  for  catalysts  pre¬ 
pared  by  co-precipitation.  The  performance  of  the  NiCuAl  catalysts 
in  CDM  was  also  assessed  in  fluidized  bed  reactor  tests,  showing 
the  feasibility  of  this  process  for  the  production  of  large  amounts  of 
hydrogen  and  carbon  nanofibers  (several  hundred  grams  per  day) 
[36]. 

Optimization  of  catalyst  performance  was  achieved  in  a  further 
study  carried  out  in  thermobalance  exploring  the  carbon  yields, 
deposition  rates,  and  changes  in  the  structural  properties  of  the 
nickel  and  deposited  carbon  as  a  function  of  the  operating  temper¬ 
ature  and  the  partial  pressures  of  hydrogen  and  methane  [37]. 
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In  order  to  gain  a  better  understanding  of  NiCuAl  catalyst  per¬ 
formance,  this  study  focuses  on  the  effects  of  operating  conditions 
in  a  fixed  bed  reactor  on  hydrogen  production  and  the  properties  of 
the  deposited  carbon.  The  fixed  bed  reactor  tests  allowed  for  CDM 
reaction  and  characterization  of  the  outlet  gas  after  each  test  by  gas 
chromatography.  Despite  the  extensive  methane  decomposition  lit¬ 
erature  using  nickel  catalysts,  most  studies  have  been  concerned 
with  optimization  of  catalyst  formulation  by  varying  the  composi¬ 
tion,  the  type  of  textural  promoter  and  the  additive  concentration. 
Reaction  condition  studies  are  less  prevalent  in  spite  of  the  determi¬ 
nant  role  they  play  in  methane  conversion,  catalyst  deactivation  and 
the  resulting  properties  of  the  deposited  carbon.  In  order  to  make 
the  CDM  process  economically  feasible,  a  complete  understand¬ 
ing  of  these  determinant  parameters  is  necessary.  Additionally,  the 
structural  and  morphological  properties  of  the  resulting  carbon  and 
the  textural  properties  of  the  samples  used  are  studied  for  different 
reaction  conditions. 


revealed  that  the  Ni  crystal  domain  size  in  the  reduced  samples 
was  28  nm,  similar  to  that  determined  for  NiO  (23  nm)  in  the  fresh 
calcined  catalysts  before  the  reduction  pre-treatment. 

The  composition  of  the  outlet  gas  from  the  reactor  was  deter¬ 
mined  by  sampling  the  gas  stream  with  gas  bags.  The  first  bag  was 
usually  taken  some  minutes  after  the  CH4  began  flowing  and  the 
nitrogen  was  flushed  out,  initially  present  in  the  reaction  system. 
The  gas  samples  were  analysed  by  means  of  gas  chromatography  in 
a  micro  GC  Varian  CP4900  equipped  with  two  packed  columns  and 
a  TCD  detector.  In  all  cases,  no  methane  decomposition  products 
other  than  hydrogen  were  detected.  The  weight  of  the  deposited 
carbon  and  the  volume  of  hydrogen  produced  corresponded,  within 
the  experimental  error  (~5%),  to  that  expected  from  mass  balances, 
taking  into  account  the  stoichiometry  of  the  methane  decomposi¬ 
tion  reaction. 

Methane  conversion  was  calculated  from  the  following  expres¬ 
sion: 


2.  Experimental 


%H2 

XcH4  “  200  -  %H2 


(1) 


2.1  Samples 

A  catalyst,  denoted  as  NiCuAl,  with  a  molar  ratio  78:6:16  for 
the  respective  components,  was  prepared  using  a  fusing  method. 
The  respective  nitric  salts  of  Ni,  Cu  and  Al  were  mixed  to  form  a 
powder  of  the  desired  composition.  This  powder  was  calcined  at 
350  °C  for  1  h  to  promote  thermal  decomposition  of  nitrates  into 
their  respective  oxides,  and  subsequently  calcined  at  450  °C  for  8  h. 
The  entire  procedure  is  described  in  detail  elsewhere  [31,32]. 

A  detailed  characterization  study  of  this  fresh  catalyst  can 
be  found  elsewhere  [31,32].  The  respective  powder  XRD  pattern 
showed  that  NiO  was  the  only  crystalline  phase  present  in  the  fresh 
catalyst  with  a  crystal  domain  size  of  23  nm  [37].  According  to  the 
literature  [20,38],  this  crystal  domain  size  is  suitable  to  promote 
carbon  deposition  as  very  long  nanofibers  in  a  reaction  test,  pro¬ 
viding  long-life  catalysts  in  the  CDM  process.  The  specific  surface 
area  of  the  fresh  calcined  catalyst  was  80  m2  g-1 ,  containing  meso- 
pores  associated  with  catalyst  interparticle  voids  and  supporter  of 
nanometric  sizes. 

2.2.  Experimental  setup 

Catalytic  methane  decomposition  experiments  were  carried  out 
in  a  fixed-bed  quartz  reactor,  60  cm  height,  1.8  cm  i.d,  heated  by  an 
electric  furnace.  All  experiments  were  conducted  at  atmospheric 
pressure. 

The  study  was  performed  by  varying  the  operating  tempera¬ 
ture  from  550  to  800  °C  at  a  constant  weight  hourly  space  velocity 
( WHSV,  defined  as  the  volume  of  methane  fed  per  hour,  per  gram  of 
fresh  catalyst)  of  120^“^  h_1 .  Additionally,  the  WHSV  was  varied 
from  24  to  1200 1  g^  h-1  while  maintaining  a  constant  temperature 
of  700°C. 

In  a  typical  test,  50  mg  of  the  fresh  catalyst  was  placed  onto  wood 
quartz  used  as  support  and  a  methane  flow  rate  of 20-200  ml  min-1 
was  adjusted  to  obtain  the  desired  WHSV.  In  tests  carried  out  at 
higher  space  velocities,  the  amount  of  fresh  catalyst  was  reduced, 
keeping  the  available  maximum  flow  rate  constant  (200  ml  min-1 ) 
to  achieve  the  required  WHSV. 

Prior  to  a  CDM  experiment,  all  fresh  calcined  samples  in  the 
oxidised  state  were  subjected  to  a  reduction  pre-treatment  with  a 
flow  rate  of  50  ml  min-1  of  pure  H2  at  550  °C  for  3  h.  The  respective 
powder  XRD  patterns  of  samples  after  the  reduction  pre-treatment 
exclusively  showed  reflections  assigned  to  metallic  Ni,  the  only 
crystalline  phase  detected  as  an  active  species  in  the  DCM.  Fur¬ 
ther  processing  of  the  powder  XRD  patterns  by  Rietveld  methods 


Carbon  deposition  rate  (rc)  was  calculated  from  the  carbon  bal¬ 
ance  among  the  methane  fed  into  the  reactor  and  the  methane 
reacted,  according  to  the  stoichometry  of  the  methane  decomposi¬ 
tion  reaction. 

2.3.  Characterization  techniques 

The  textural  properties  of  the  fresh  and  used  samples  were 
measured  by  N2  adsorption  at  77  K  in  a  Micromeritics  ASAP2020 
apparatus.  The  specific  surface  areas  and  pore  volumes  were  calcu¬ 
lated  by  applying  the  BET  method  to  the  respective  N2  adsorption 
isotherms. 

Powder  X-ray  diffraction  (XRD)  patterns  of  fresh  and  used  sam¬ 
ples  were  acquired  in  a  PANalytical  diffractometer  using  a  0-20 
configuration,  Ni-filtered  Cu  Ka  radiation  and  a  secondary  graphite 
monochromator.  The  angle  range  scanned  was  10-100°  using  a 
counting  step  of  0.02°  and  a  counting  time  per  step  of  20  s.  A 
suitable  sample  holder  with  a  very  low  noise  level  was  used,  allow¬ 
ing  for  pattern  acquisitions  from  a  small  amount  of  sample  with 
good  resolution.  The  powder  XRD  patterns  were  further  processed 
using  the  accompanying  X’Pert  Highscore  Plus  software  to  obtain 
refined  structural  parameters  for  the  desired  compounds  through 
the  application  of  Rietveld  methods. 


Fig.  1.  Influence  of  reaction  temperature  on  the  evolution  of  hydrogen  concentra¬ 
tion.  WHSV:  120  lg-ifT1. 
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Fig.  2.  Influence  of  reaction  temperature  on  the  evolution  of  methane  decomposi¬ 
tion  rate  and  carbon  formation  rate.  WHSV:  120 1  g^J.  h-1 . 

The  morphological  appearance  of  the  deposited  carbon  was 
studied  with  an  electron  microscope  (SEM)  (Hitachi  S-3400)  cou¬ 
pled  to  a  Si/Li  detector  for  energy  dispersive  X-ray  (EDX)  analysis. 

3.  Results 

3.1  Activity  tests 

3.11  Influence  of  reaction  temperature 

The  effect  of  the  reaction  temperature  in  the  tests  carried  out 
using  the  NiCuAl  catalyst  at  a  WHSV  of  1201g“aJ.h_1  is  shown  in 
Fig.  1 .  At  low  reaction  temperatures,  that  is,  550, 600  and  650  °C,  low 
hydrogen  concentrations  of  20,  26  and  31  vol%,  respectively,  were 
measured  in  the  outlet  gas.  However,  these  concentrations  were 
kept  constant  throughout  the  test,  indicating  that  the  catalyst  main¬ 
tained  its  initial  activity  during  the  entire  run  without  apparent 
deactivation.  The  tests  performed  at  higher  temperatures  revealed 
that,  the  initial  hydrogen  concentrations  were  much  higher,  55,  67 
and  70vol%  at  700,  750  and  800  °C,  respectively,  as  expected  from 
thermal  activation.  However,  the  evolving  hydrogen  concentrations 
dropped  quickly,  indicating  rapid  catalyst  deactivation.  This  effect 
was  more  evident  as  reaction  temperature  increased.  For  instance, 
in  the  tests  carried  out  at  750  and  800  °C,  hydrogen  concentration 
dropped  to  values  lower  than  5  vol%  in  160  and  60  min,  respectively. 

Similarly,  the  effect  of  the  reaction  temperature  on  the  methane 
decomposition  rate  and  the  carbon  deposition  rate  is  shown  in 
Fig.  2.  The  shape  of  the  curves  follow  the  same  pattern  as  those 
in  Fig.  1 ,  revealing  that  a  rise  in  the  reaction  temperature  increases 
the  initial  reaction  rate  while  increasing  the  catalyst  deactivation 
rate. 

Table  1  summarizes  the  results  obtained  at  different  reac¬ 
tion  temperatures,  including  some  parameters  extracted  from  the 
experiments:  the  initial  methane  decomposition  rate,  rc h4;  the 
average  methane  conversion,  XCh4  ;  the  thermodynamic  methane 
conversion,  (XCh4  )eq ;  the  total  carbon  deposited  per  gram  of  catalyst 


Fig.  3.  Influence  of  space  velocity  on  the  evolution  of  hydrogen  concentration 
T=  700  °C. 

loaded,  Cdep;  and  the  carbon  deposition  rate,  rc.  It  can  be  observed 
that  the  average  methane  conversion,  XCh4,  shows  a  maximum  of 
31.2%  at  700  °C.  The  amount  of  carbon  deposited  at  700  °C  after 
150 min  of  reaction  time  was  46.8 gg^,  noting  that  the  catalyst 
testing  could  go  on  for  several  more  hours  before  reaching  complete 
catalyst  deactivation. 

The  effect  of  the  reaction  temperature  on  the  performance  of 
metallic  catalysts  used  in  methane  decomposition  is  well  illus¬ 
trated  in  the  literature  [10,14-16,19,37,39],  and  is  widely  considered 
the  most  relevant  parameter  in  catalyst  deactivation.  In  a  previous 
study  [37],  it  was  concluded  that  catalyst  deactivation  of  Ni,  operat¬ 
ing  at  a  high  temperature  (800  °C)  in  a  differential  reactor,  was  due 
to  thermal  sintering  of  Ni  particles.  In  this  study,  powder  XRD  pat¬ 
terns  (not  shown)  taken  from  used  catalysts  showed  nickel  domain 
sizes  of  34 nm  in  samples  used  at  550 °C.  This  is  very  similar  to 
those  of  the  36  nm  samples  obtained  in  tests  carried  out  at  800  °C. 
These  results  imply  that  thermal  sintering  of  Ni  is  not  responsible 
for  catalyst  deactivation  during  the  tests  carried  out  in  the  fixed 
bed  reactor,  given  that  the  hydrogen  produced  during  reaction  may 
prevent  Ni  sintering.  According  to  the  study  mentioned  [37],  the 
increase  in  hydrogen  partial  pressure  might  prevent  thermal  sin¬ 
tering  of  catalyst  through  a  decrease  in  the  surface  energy  of  Ni  by 
H2  adsorption.  In  this  study,  has  been  found  that  the  only  cause 
of  catalyst  deactivation  at  high  temperatures  is  the  formation  of 
a  more  ordered  carbon,  as  revealed  by  measurements  of  structural 
and  textural  properties  of  the  deposited  carbon  as  discussed  below. 

3.1.2.  Influence  of  space  velocity 

The  evolution  of  the  hydrogen  concentration  in  the  outlet  gases 
from  the  reactor  at  different  space  velocities,  24-1200 1  g^  h-1 ,  at 
700  °C  is  shown  in  Fig.  3.  Increasing  the  space  velocity  has  two 
clear  effects:  the  hydrogen  concentration  in  the  outlet  gases  dimin¬ 
ishes,  and  the  catalyst  deactivation  substantially  increases.  These 
effects  have  been  shown  in  previous  studies  [9,23,40].  For  example, 


Table  1 

Summary  of  the  main  parameter  obtained  in  the  experiments  at  different  temperatures  (VS:  120  1  h-1 ). 


Catalyst  deactivated. 
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Fig.  4.  Influence  of  space  velocity  in  the  evolution  of  methane  decomposition  rate 
and  carbon  formation  rate.  T  =  700  °C. 

at  a  low  spatial  velocity  of  24 1  h-1 ,  the  initial  hydrogen  con¬ 

centration  was  about  75  vol%,  close  to  thermodynamic  equilibrium 
concentration  at  this  temperature.  In  other  works  using  a  NiCuAl 
catalyst  at  a  low  space  velocity  of  41g“a1th_1,  a  constant  hydrogen 
concentration  of  80vol%  was  found  for  an  8h  run  time  [31].  The 
experiments  carried  out  at  space  velocities  in  the  20-60  lg^h-1 
range  still  showed  high  stability  in  the  evolving  hydrogen  concen¬ 
tration.  However,  as  the  space  velocity  was  further  increased  over 
120-1200 1  g^J.  h-1 ,  the  curve  shape  changed  dramatically,  showing 
a  progressive  reduction  in  the  hydrogen  concentration  with  reac¬ 
tion  time.  This  continued  to  a  low- value  of  almost  constant  methane 
conversion  until  the  end  of  the  run.  For  example,  at  1200 1  g^  h-1 , 
the  catalyst  became  fully  deactivated  showing  hydrogen  concen¬ 
trations  lower  than  5%  after  60  min. 

In  order  to  gain  a  deeper  understanding  of  the  effect  of  the 
space  velocity,  the  evolution  of  methane  decomposition  and  car¬ 
bon  production  rates  have  been  plotted  in  Fig.  4.  Despite  the  fact 
that  the  increase  in  the  space  velocity  reduces  the  hydrogen  concen¬ 
tration  in  the  outlet  gas,  it  is  worth  noting  that  the  initial  reaction 
rate  increased  significantly,  from  10.34  mmol  min-1  g^  at  a  space 
velocity  of  24 1  g“at  h-1  to  135  mmol  min-1  at  the  highest  space 
velocity  of  1200 1  g^  h-1 . 

Table  2  summarizes  the  obtained  results,  including  some 
kinetic  data  for  the  methane  decomposition  at  space  velocities  of 
24-1200 1  g^  h-1  using  the  NiCuAl  catalyst.  It  can  be  observed  that 
the  initial  reaction  rate  and  the  average  methane  conversion  move 
in  opposite  directions.  The  greatest  total  amounts  of  deposited  car¬ 
bon,  obtained  before  the  catalyst  became  completely  deactivated, 
occurred  at  space  velocities  of  480  and  1200 1  g^  h-1  with  carbon 
depositions  of  84  and  141  gg~at,  respectively. 

From  the  above  results  it  can  be  concluded  that  the  methane 
decomposition  is  highly  dependent  on  the  operating  temperature 
and  on  the  space  velocity.  These  variables  also  substantially  affect 
the  catalyst  deactivation  rate.  High  space  velocities  also  maximize 

Table  2 

Summary  of  the  main  parameter  obtained  in  the  experiments  at  different  space 
velocity  (7:  700 °C). 


a  Catalyst  deactivated. 


Fig.  5.  Variation  of  crystal  domain  size  (a)  and  parameter  c  of  the  hexagonal  unit 
cell  (b)  of  the  deposited  carbon  with  operating  temperature. 

the  amount  of  deposited  carbon,  up  to  141  g  g^  in  60  min  at  a  space 
velocity  of  1200 1  g^  h-1 . 

3.2.  Characterization  of  the  deposited  carbon  in  used  catalysts 

3.2 A.  Structural  parameters  and  crystallinity 

The  structural  properties  of  the  deposited  carbon  in  used  sam¬ 
ples  were  studied  through  the  calculation  of  the  average  crystal 
domain  size,  Lc,  along  a  direction  perpendicular  to  the  basal  planes 
in  a  graphitic-type  structure,  and  the  respective  parameter,  c,  of 
the  hexagonal  cell.  The  variation  of  both  parameters  with  operat¬ 
ing  temperature  is  shown  in  Fig.  5a  and  b.  The  crystal  domain  size, 
Lc,  increased,  first,  with  the  operating  temperature  until  reaching 
a  nearly  constant  value  at  temperatures  higher  than  750  °C.  These 
results  are  in  agreement  with  those  found  in  a  previous  work  car¬ 
ried  out  with  a  thermobalance,  in  which  it  was  concluded  that 
the  deposited  carbon  from  methane  decomposition  became  more 
ordered  at  higher  operating  temperatures  [37]. 

Additionally,  the  variation  of  the  parameter,  c,  of  the  hexagonal 
unit  cell  of  the  deposited  carbon,  is  shown  in  Fig.  5b.  The  parameter 
c  decreased  from  a  value  of  0.6857  nm  at  550  °C  to  a  value  of  0.6704 
at  750  °C.  Taking  into  account  the  fact  that  c  is  equal  to  0.6704  nm 
for  a  perfect  graphite,  it  can  be  deduced  that  the  parameter  c  of  the 
deposited  carbon  is  highly  dependent  on  the  reaction  temperature, 
going  from  a  highly  turbostratic  carbon  at  low  temperatures  to  a 
more  graphitic  carbon  at  high  temperatures. 

Crystallinity  and  interplanar  spaces  data  indicate  that  at  low 
operating  temperatures  carbon  was  deposited  as  highly  disordered 
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Fig.  6.  Variation  of  crystal  domain  size  (a)  and  parameter  c  of  the  hexagonal  unit 
cell  (b)  of  the  deposited  carbon  with  space  velocity. 
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carbon,  usually  as  long  nanofibers  emerging  from  Ni  particles, 
promoting  a  long-life  catalyst.  At  high  operating  temperatures, 
however,  carbon  was  deposited  as  a  well-ordered,  almost  graphitic 
carbon,  usually  associated  with  coatings  of  uniform  thickness  on  Ni 
particles,  leading  to  fast  catalyst  deactivation. 

Similar  effects  of  the  space  velocity  on  the  crystal  domain  size,  Lc, 
and  on  the  parameter,  c,  of  the  hexagonal  unit  cell  of  the  deposited 


Table  3 

Textural  parameters  obtained  by  N2  adsorption. 


carbon  are  shown  in  Fig.  6a  and  b,  respectively.  According  to  data 
in  the  literature  the  main  effect  of  the  space  velocity,  presumably, 
could  be  derived  from  the  changes  in  the  hydrogen  partial  pres¬ 
sure.  However,  the  plots  shown  in  Fig.  6  reveal  that  the  effect  of  the 
space  velocity  on  the  structural  properties  of  the  deposited  carbon 
is  not  clear.  The  crystal  domain  size,  Lc,  (Fig.  6a)  of  the  deposited 
carbon  takes  values  that  range  from  6.7  to  7.8  nm.  The  highest  value, 
however,  was  obtained  at  the  highest  space  velocity.  Similarly,  the 
variation  of  the  parameter,  c,  shown  in  Fig.  6b  is  also  inconsistent, 
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Fig.  7.  N2  adsorption  isotherms  of  the  used  samples  at  different  temperatures  and 
space  velocities. 


Fig.  8.  Variation  of  the  specific  surface  area  of  used  samples  with  the  space  velocity 
(a)  and  reaction  temperature  (b). 
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but  the  values  obtained  at  the  highest  space  velocities  correspond 
to  nearly  graphitic  carbons. 

From  the  results  of  the  XRD  study,  it  can  be  concluded  that  the 
reaction  temperature  has  a  clear  effect  on  the  structural  properties 
of  the  deposited  carbon;  however,  this  effect  is  unclear  in  the  case  of 
spatial  velocities.  Additional  measurements  of  textural  properties 
and  SEM  studies,  discussed  below,  may  help  in  gaining  a  clearer 
understanding. 

3.2.2.  Measurement  of  textural  properties 

The  catalysts  tested  at  different  reaction  temperatures  and  space 
velocities  were  also  characterized  by  means  of  N2  adsorption  at 
77  K.  Some  typical  isotherms  of  the  used  samples  at  different  oper¬ 
ating  conditions,  shown  in  Fig.  7,  can  be  clearly  assigned  to  the 
type  IV IUPAC  classification,  characteristic  of  mesoporous  materials. 
Additionally,  these  isotherms  present  an  FI3-type  hysteresis  loop, 


commonly  related  to  capillary  condensation  in  laminar  mesopores 
[41  ].  Given  that  the  used  materials  had  a  carbon  content  higher  than 
90wt%,  the  studied  textural  properties  are  almost  exclusively  due 
to  the  deposited  carbon  and  not  to  the  fresh  catalyst.  The  textural 
parameters  obtained  by  applying  the  BET  equation  to  the  respective 
isotherms  are  shown  in  Table  3,  including  the  total  specific  surface 
area  and  its  distribution  between  mesopore  and  micropore  surface 
areas,  and  the  total  pore  volume.  The  specific  surface  area  of  used 
samples  show  values  ranging  from  93  to  146  m2g-1,  higher  than 
those  found  in  the  fresh  sample  (80  m2  g-1 ),  in  both  cases  assigned 
to  the  presence  of  mesopores.  In  the  case  of  the  fresh  samples,  the 
specific  surface  area  was  assigned  to  interparticle  voids  between 
nanometric  catalyst  particles  and  the  support;  however,  in  the  case 
of  the  used  samples,  they  are  mostly  due  to  the  presence  of  car¬ 
bon  nanofibers  with  mesopores  mostly  located  in  the  interior  of 
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Table  4 

Literature  comparison  of  some  Ni-Cu  based  catalyst  in  the  CDM. 
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Reference 

Catalyst 

T(°C) 

meat  (g) 

Flow  rate 
(Ncm3  min-1 ) 

WHSV  (1  g-i  min-1) 

Qep  (gCgca’t) 

t(h) 

rc(gCgca’h  ’) 

[15] 

75Ni-15Cu-Al203 

675 

0.1 

150 

90 

404 

27.5 

14.69 

[15] 

82Ni-8Cu-Al203 

675 

0.1 

150 

90 

150 

9 

16.67 

[15] 

62Ni-25Cu-Al203 

675 

0.1 

150 

90 

293 

20 

14.65 

[16] 

15Ni-3Cu-2Al 

700 

0.1 

68 

40.8 

280 

32.5 

8.62 

[17] 

NiCuMg  (2.4:0.6:1) 

700 

0.05 

60 

72 

420 

33 

12.73 

[17] 

NiCuMg  (2.4:0.6:1) 

725 

0.05 

60 

72 

262.8 

19 

13.83 

[17] 

NiCuMg  (2.4:0.6:1) 

750 

0.05 

60 

72 

166.8 

11 

15.16 

[18] 

65Ni25Cul0Nb2O5 

700 

0.050 

48 

284 

32 

8.9 

This  work 

NiCuAl  (78:6:16) 

700 

0.05 

100 

120 

39 

2.75 

14.18 

This  work 

NiCuAl  (78:6:16) 

700 

0.01 

200 

1200 

141 

1 

141 

the  nanofibers  along  the  fiber  axis,  as  discussed  below  in  the  SEM 
study. 

In  order  to  elucidate  the  influence  of  the  two  studied  variables 
on  the  textural  properties,  the  specific  surface  area  of  used  samples 
is  plotted  versus  the  space  velocity  and  the  reaction  temperature 
in  Fig.  8a  and  b,  respectively.  It  is  observed  that  as  the  operating 
temperature  increases,  the  specific  surface  area  of  the  deposited 
carbon  decreases,  in  agreement  with  the  results  obtained  by  others 
authors  [15,42].  An  opposite  trend  is  found  as  the  specific  surface 
area  increases  with  the  space  velocity.  The  total  pore  volume  takes 
values  ranging  from  0.23  to  0.39  cm3  g-1,  showing  a  similar  trend 
between  the  operating  temperature  and  space  velocity  as  that  for 
specific  surface  area. 

Low  specific  surface  areas  of  carbonaceous  materials  are  typi¬ 
cally  assigned  to  highly  ordered  graphitic  carbon  while  high  specific 
surface  areas  are  associated  with  highly  disordered  carbons.  Thus, 
from  the  study  of  the  textural  properties  of  the  used  samples,  it  is 
concluded  that  the  effect  of  the  reaction  temperature  on  the  textural 
properties  is  in  agreement  with  the  XRD  study  but  in  disagreement 
with  the  effect  of  the  spatial  velocity,  in  which  case  a  decrease  in 
the  specific  surface  area  was  expected.  Additional  SEM  studies  are 
performed  to  further  study  the  effect  of  the  spatial  velocity. 

3.2.3.  Morphological  studies  of  the  used  samples 

SEM  micrographs  of  the  used  samples  reveal  that  the  deposited 
carbon  usually  appears  as  nanofilaments  emerging  from  very 
bright  nickel  catalyst  particles.  Three  representative  micrographs 
obtained  at  three  different  reaction  temperatures,  600,  700  and 
800  °C,  are  shown  in  Fig.  9.  The  sample  obtained  at  600  °C  (Fig.  9a) 
displays  many  bright  spots,  due  to  Ni  particles,  located  at  the  tip  of 
the  growing  carbon  nanofibers.  As  the  temperature  increases  the 
presence  of  bright  spots  becomes  much  less  evidenced,  although 
the  diameter  of  the  carbon  nanofibers  is  similar  in  both  samples  at 
600  and  700  °C  (Fig.  9b).  The  SEM  image  of  the  sample  obtained  at 
800  °C  (Fig.  9c)  reveals  the  presence  of  much  thinner  carbon  nanofil¬ 
aments.  Since  the  nanofibers  in  this  sample  were  formed  during 
the  first  stages  of  the  test,  in  the  presence  of  high  hydrogen  partial 
pressure,  it  can  prevent  Ni  thermal  sintering  and,  consequently,  the 
enlargement  of  carbon  nanofibers. 

The  effect  of  space  velocity  on  the  morphological  appearance 
of  the  deposited  carbon  at  24,  240  and  480 1  g^t  h-1  is  shown  in 
Fig.  lOa-c,  respectively.  As  the  space  velocity  increases,  the  pres¬ 
ence  of  Ni  particles  at  the  tip  of  the  growing  nanofibers  are  less 
visible  and  the  samples  appear  much  denser  due  to  the  larger 
amount  of  deposited  carbon  (Table  2),  but  no  differential  morpho¬ 
logical  features  are  apparent. 

3.3.  NiCuAl  catalyst  performance 

The  NiCuAl  catalyst  in  this  study  showed  good  performance  in 
CDM  in  terms  of  carbon  deposition.  The  best  performance  of  NiCu 


catalysts  reported  in  the  literature  were  obtained  at  temperatures 
around  600 °C.  For  example,  Reshetenko  et  al.  [15]  reported  car¬ 
bon  depositions  of  525  gg~at  at  625  °C.  Other  authors  obtained  ca. 
200gg“a1t  [13]  at  500  °C  and  380  gg^  at  600  °C  [16].  It  also  worth 
noting  that  these  carbon  depositions  were  achieved  at  catalyst  life¬ 
times  higher  than  50  h.  The  possible  use  of  temperatures  greater 
than  650  °C  is  very  interesting  because  of  the  rapid  increase  in 
methane  conversion  [15,17].  However,  the  fast  catalyst  deactiva¬ 
tion  at  temperatures  higher  than  700 °C  is  a  drawback.  Thus,  it 
is  worthwhile  to  develop  active  catalysts  that  are  suitable  to  be 
tested  at  higher  temperatures,  prevent  deactivation,  and  allow  car¬ 
bon  nanofiber  formation,  key  for  avoiding  catalyst  encapsulation. 
Recently,  the  use  of  Fe  catalysts  have  been  reported  to  withstand 
higher  temperatures  [26,43],  although  methane  decomposition 
rates  are  much  lower  in  comparison  to  those  of  nickel. 

It  should  also  be  noted  that  from  the  studies  published  in  the 
literature  dealing  with  methane  decomposition  several  different 
space  velocity  conditions  are  reported,  which  makes  catalyst  per¬ 
formance  comparisons  difficult.  Additionally,  the  use  of  diluted 
methane  in  different  concentrations  introduces  another  parameter 
that  has  to  be  taken  into  account.  As  an  example,  there  has  been  a 
recent  report  [40],  in  which  the  amount  of  catalyst  used  along  with 
the  methane  flow  rate  and  methane  concentration  used  are  pre¬ 
sented,  showing  a  wide  range  of  weight  space  velocities,  ranging 
from  1  to  72 1  g“at  h-1 . 

In  an  attempt  to  compare  the  NiCuAl  performance  used  in  the 
present  work,  some  results  available  in  the  literature  for  massive 
NiCu  catalyst,  in  terms  of  carbon  capacity,  are  shown  in  Table  4. 
For  the  catalyst  selected,  the  methane  decomposition  reaction  was 
carried  out  using  undiluted  methane  at  relative  high  tempera¬ 
tures  (around  700  °C).  Additionally,  test  conditions  (catalyst  mass, 
methane  flow  rate  and  WHSV),  as  well  as  run  time  and  the  average 
carbon  deposition  rate,  expressed  in  grams  of  carbon  per  gram  of 
catalyst  and  per  hour,  are  also  included. 

From  the  results  reported  in  the  literature,  high  carbon  capa¬ 
cious  catalyst  have  been  reported  (up  to  404gg(Ta1t  at  675 °C  [15]) 
using  reaction  times  from  9  to  30  h.  The  catalyst  tested  in  this  work, 
shows  a  carbon  capacity  lower  than  the  others  reported  in  the  liter¬ 
ature,  141  gg~at.  However,  the  reaction  time  is  much  lower,  just  1  h, 
which  clearly  indicates  the  faster  carbon  formation  rate  performed 
by  the  NiCuAl  catalyst  at  700  °C. 

4.  Conclusions 

An  increase  in  the  operating  temperature  and  space  velocity 
enhances  the  methane  reaction  rate  but  also  leads  to  faster  catalyst 
deactivation.  By  increasing  the  operating  temperature  formation  of 
more  ordered  deposited  carbon  is  promoted,  likely  explaining  the 
rapid  catalyst  deactivation.  In  the  case  of  the  spatial  velocity  the 
process  of  catalyst  deactivation  is  not  as  clear.  However,  it  does  not 
seem  to  be  associated  with  structural  changes  of  the  deposited  car- 
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bon  but,  rather,  to  the  great  amount  of  accumulated  carbon  in  the 
used  sample. 
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